All films were synthesized with a growth solution consisting of 5 mL of a Ti sol-gel precursor solution and 20 mL of a solvent additive. The sol-gel 1 was prepared by mixing 10 mL of tetrabutyl orthotitanate with 100 mL of ethanol for 30 minutes. 10 mL of acetic acid, acetylacetone, and deionized water were added sequentially with 30 minutes stirring between each addition. The sol-gel was then stirred for an additional hour and aged for one week before using. The solvent additives used in the reaction vessels were ethanol and tetraethylene glycol (TEG) in varying amounts. Initial tests were performed with ethanol as an additive, but we found that anatase formation was favored by the use of TEG as an additive instead. This is demonstrated in Figure S1 , which shows glancing incidence X-ray diffraction (GIXRD) patterns for films grown with various ratios of TEG and ethanol as additives.
Films were also grown with a growth solution consisting of 5 mL of sol-gel and 20 mL of TEG for a smaller sampling of temperatures, as shown below in Figure S3 . Figure S3 shows substrates with ITO patterns etched onto them. The ITO layers on the substrates are patterned for several reasons. In real device applications, films need to be patterned into a variety of shapes.
Patterning is also useful to demonstrate that TiO 2 films form selectively on the ITO. This is because the ITO interacts with the microwaves and heats much faster than the glass.
Contrastingly, in conventional deposition processes in which a sol-gel is spin coated onto the substrates and heated in a furnace, the TiO 2 film forms everywhere that the sol-gel is coated.
Finally, etching the substrates was found to be useful to avoid cracking of the films. The edges of the glass are rough due to rough cutting of the substrates. This leads to small cracks on the edges of the ITO film which can propagate during the microwave process since the ITO heats selectively and the interface undergoes thermal shock. Thus, etching away the edges of the films suppresses these cracks. Note that the patterned substrates grown at 140 o C do not show anatase peaks in contrast to the non-patterned substrates at 140 o C (shown in Figure S1 ). As discussed in the 'Mechanism of Film Growth' section of the manuscript, the size of the ITO patterns affect the film formation for a given microwave power. The differences between the GIXRD patterns for the patterned and non-patterned substrates at 140 We also studied the effects of reaction time on films grown for non-patterned and patterned substrates, as shown in Figures S4 and S5 . It is clear that the most uniform films are grown for reaction times of 60 min or less. For non-patterned substrates, the anatase peaks become larger with increased reaction time until the films begin to delaminate after 75-90 min, but anatase peaks can be detected for all reaction times. GIXRD of the patterned substrates ( Figure S5 ) show similar trends, but at short reaction times anatase is not detected by GIXRD. Again, this is likely due to the difference in size between the patterned and non-patterned ITO regions. Low temperatures and/or short reaction times lead to thin, compact, and amorphous films. As temperature and/or time are increased, the white colored films characteristic of anatase TiO 2 form, in what can be considered a "secondary" film growth over the compact layer that is first nucleated. The thickness variations of the films at different temperatures and times are shown in Figure S6 . Note that samples analyzed in Figure 3 of manuscript were wiped off with a kimwipe (removing the loosely adhered outer layer), whereas substrates shown in Figure S6 were not wiped so as to leave the outer layer. In addition to the single-step film growth and sintering method thus far described, we can also grow films with the microwave in a way suitable to be used in conjunction with many of the conventional liquid and gas phase film deposition techniques. Accordingly, we can spincoat Ti precursor or sputter deposit amorphous TiO 2 films and subsequently carry out the microwave reaction in solution on the coated substrates to crystallize the films. ITO-coated glass substrates were spin coated with the same Ti sol-gel used in the other microwave reactions using a Chemat KW4A spincoater before suspending the substrates in the microwave vessels. At present, it appears that this two-step process offers broader control over film thickness. As indicated in Figure S7 , increasing spincoat speed results in the growth of films with reduced thicknesses.
These results for the spincoated films should be extendable to films deposited from gas phase techniques like sputtering.
Figure S7 Cross sectional SEM images of TiO 2 films on patterned ITO-coated glass
substrates grown at 150 o C for 60 min after being spin coated with sol gel: Spin coating speeds were a 1000 rpm, b 3000 rpm, and c 6000 rpm. All films were grown at a power ramp rate of 10 W/min in solutions consisting of 20 mL of TEG and 5 mL of sol-gel.
Effects of film orientation
The ITO-coated glass substrate orientation has a definite effect on TiO 2 film growth. GIXRD patterns for films grown in vertical and horizontal orientations are shown in Figure S8 , along with pictures of the custom made glass baskets used during the reactions to hold the substrates in place. Clearly, the anatase peaks are much stronger for the films grown in the vertical orientation. This is in agreement with visual inspection of the films, which suggests very thin films form in the horizontal orientation. Similar results were seen for patterned and non-patterned ITO-coated substrates. Cross-sectional SEM was performed on patterned substrates oriented vertically and horizontally in the reaction vessels, and the results are shown in Figure S9 . Clearly, the films grown in the horizontal orientation are much thinner than those grown in the vertical orientation. The films appear to consist of a compact layer adjacent to the ITO and a more loosely attached outer layer.
The samples analyzed in Figure 3 of manuscript were wiped off with a kimwipe (removing the loosely bound outer layer), whereas substrates shown in Figure S9 were not wiped so as to leave the outer layer. 
Comparison of films grown in different microwaves
All films were grown in an Anton Paar Synthos 3000 microwave reactor unless otherwise noted.
This microwave is a multi-mode reactor in which four or eight vessels can be used during a single reaction. There are two magnetrons located on two adjacent walls, which supply the microwaves. The vessels are placed on a rotor, which spins during the reaction to ensure uniform exposure of the vessels to the microwave field. Because there are essentially two microwave fields that interact with rotating vessels, this is a very complex setup. To study film growth in a simpler microwave reactor, we adapted our synthesis method for use in two mono-mode Another reason the CEM Discover was used to grow films is because it is equipped with a video camera that records the reaction as it proceeds. This is a useful tool to understand how film nucleation occurs. A movie taken during a CEM reaction is available at http://www.youtube.com/watch?v=v14OfR7UPdU&feature=youtube. The movie shows that a film appears on the ITO layer before precipitate appears in solution. This supports our theory that the film nucleates on the ITO layer first because it acts as a local hot spot due to selective microwave heating.
We were able to obtain TiO 2 films with both mono-mode microwaves. Because the software and scale of reaction in these microwaves are different than in the Synthos 3000, the ramping condition had to be changed. In the Synthos 3000, we used a linear power ramping condition of The films grown in the Synthos 3000 are highly optimized and hundreds of films were grown to test various conditions. Fewer films were grown in the two mono-mode reactors, so the conditions would require further optimization to obtain highly crystalline and uniform films similar to those grown in the Synthos 3000. Regardless, it is useful to examine the results from initial testing in the mono-mode microwave reactors to show that the synthesis technique can be adapted to other reactors. Also, we observe that the films grown in the mono-mode microwave reactors appear visually different from the films grown in the Synthos 3000. As shown in Figure   S10 , films grown in the Synthos 3000 show thick regions on all four edges and the thinner 
Electromagnetic modeling and simulation
In order to corroborate the experimental results and verify that localized heating is achieved in the microwave oven, the electromagnetic energy deposited to the solution and the ITO layer is quantified using a computational approach. Specifically, a computer model of the experiment is developed, electromagnetic scattering analysis is performed to find the field distribution throughout model, and the energy absorbed by the different parts in the model is extracted.
The electromagnetic model of the experimental setup is shown in Figure S11 . Here, the microwave oven is modeled as a rectangular cavity with perfect electrically conducting (PEC) walls operating at 2.45 GHz. The cavity with a size of 
where PEĈ n and TDŜ n are the unit vectors normal to the corresponding surface and
is the surface impedance assigned to the dielectric sheet of thickness t and complex permittivity TDS e  .
Substituting (1) and (2) PEC,PEC  PEC,TDS  PEC,LOD  PEC  inc,PEC   TDS,PEC  TDS,TDS  TDS,LOD  TDS  inc,TDS   LOD,PEC  LOD,TDS  LOD,LOD  LOD The integrals in (6)-(8) are calculated using standard Gaussian cubature rules and singularity extraction techniques 7 . Calculating these integrals to fill the MOM matrix requires impractical to perform the requisite simulations using this classical MOM approach. To reduce the computational costs, an extension of the adaptive integral method (AIM) 8, 9 appropriate for rectangular cavities is employed. The AIM used here is a fast Fourier transform based algorithm that exploits the convolution/correlation form of cavity Green functions to significantly reduce the computational complexity of the MOM matrix fill time, memory cost, and matrix solve time.
The computational complexity and further properties of the algorithm are detailed elsewhere 8, 9 .
In all the simulations for square ITO ( Figure 5 (i)) in this paper, PEC As is obvious from (5), the simulation results depend directly on the incident field.
Unfortunately, it was not possible to determine the precise excitation of the microwave oven in the experiments and only the operating frequency was available. Given this limitation, the incident field was represented as a single cavity mode in the all the simulations in this paper.
Specifically, the
TE 344
x E cavity mode 10 was used; the various components of this mode are easily determined, e.g., the z-component is given as
where 0 E is an excitation dependent complex constant that is set to 1 in this paper, the wave numbers 3 / 0.45, 4 / 0.42, 4 / 0.35 (12) is the absorbed power density at position t r averaged over one period of the fields. It is accurate to use the average power density to estimate the integral in (11) only under two conditions: (i)
The time interval as shown in Figure S14 . To calculate the absorbed energy as in (11) , the electric field in the solution and the ITO layer are needed; these were found after the solution of (5) Figure 6 of the manuscript show ( ) e r normalized by 3 1 J/m in decibel scale for different shapes and conductivities of the ITO layer. As shown in these figures, the absorbed energy must concentrate at the edges of the ITO layer, because of the so-called "edge condition" 11, 12 , which states that the electromagnetic energy density must be integrable over any finite domain, i.e., the energy must be finite in any finite domain. Using the edge condition, it can be shown analytically from first principles that for an (idealized) perfectly conducting surface (    ) with (idealized) sharp edges, the electric and magnetic field components normal to the edge grow proportionally to one over the square-root of the distance near the edge becoming singular (infinite) at the edge 11, 12 . Intuitively, this singularity is due to the sharp change in the boundary condition that immediately forces the electric field component tangential to the surface to be zero. For materials with finite conductivity, like the ITO layer in the experiment, the magnetic field components normal to the edge remain finite at even sharp edges 13, 14 ; however, the higher the conductivity, the more their distribution resembles the perfectly conducting case and concentrate at the edges. 
Figures 5(i)-(l) and

Figure S15 Comparison of the thermal profiles for reactions in glass and SiC vessels.
The ramp time, temperature, and hold time were the same in both vessels. There is slightly more temperature variation during the hold time in the SiC vessel because it is more difficult to control the temperature. This is because thermal convection is a slow heat transfer process relative to direct dielectric heating of the solvent and ohmic heating of the ITO layer. It should be noted that higher temperatures and different ramp times did not change the results.
Solvothermal synthesis tests
Since we make the claim that our results are dependent on selective heating of the ITO layer by the microwave-solvothermal process, it is relevant to attempt conventional solvothermal synthesis in a furnace for comparison. To see if our results could be replicated by conventional synthesis methods, we mixed 5 mL of sol-gel with 20 mL of TEG in 45 mL Paar 4744 acid digestion vessels. ITO-coated glass substrates were positioned on a custom made glass holder, which held the substrates in a vertical orientation similar to that in the microwave vessels. The vessels were then sealed to allow for autogenous pressurization and placed in a preheated furnace to achieve the fastest ramp rate possible. The vessels were held at 150 o C and 180 o C for 2 -72 h.
Because reaction times for conventional solvothermal synthesis are generally much longer than for microwave synthesis reactions, the reaction time was varied over a wide range. The results are summarized in Table S1 .
At 150 o C, the ITO-coated glass substrates did not change in any detectable way. The resistance of the ITO was similar before and after the reaction and ITO showed no color change. However, an anatase phase precipitate formed in solution after the 24 and 36 h experiments at 150 o C, indicating that the temperature was high enough to crystallize anatase. To see if we needed a higher temperature, we also tried the conventional solvothermal tests at a higher temperature of 180 o C. After 2 and 8 h, the results were similar to the results at 150 o C.
After 24 h, the substrate had white precipitate loosely bound to both sides (the ITO and glass surfaces). However, the powder fell off easily when cleaning the substrate with a squirt bottle of DI water. This is in striking contrast to the microwave-synthesized substrates, which can be washed and even sonicated for 10 minutes without damaging the films. Also, the films form selectively on the ITO layer rather than powder from solution loosly bound to both sides of the Figure S16 . Also, interesting was an increase in the ITO resistance and changes in the ITO layer color. Since the color change could be indicative of a TiO 2 film, we analyzed the films with energy dispersive spectroscopy (EDS) and GIXRD. We were unable to detect anatase phase by GIXRD, as shown in Figure S17 .
EDS ( Figure S18 ) shows no Ti signals, which is in striking contrast to the microwave-deposited films. The color change on the substrate may be due to sol-gel sticking to the substrate. Even letting a small amount of the sol-gel dry on glass at room temperature leads to hydrolysis of the sol-gel and a very thin Ti film. However, this will not be anatase unless sintered. The conventional solvothermal experiments in the acid digestion vessels further suggest that the microwave irradiation and subsequent selective heating of the ITO layer is critical for film growth.
Device applications
Schottky photodetector
All devices based on microwave-synthesized TiO 2 films were fabricated from films grown at 150 respectively. Additionally, the UV-Vis absorption spectrum in Figure S20 is red-shifted, suggesting absorption at visible wavelengths between 400 and 700 nm, in addition to the 300 -400 nm TiO 2 band edge absorption. This red-shift also suggests the presence of additional states within the band gap.
Organic-inorganic hybrid solar cells
We also incorporated microwave-grown TiO 2 films into an organic-inorganic hybrid solar cell 
Cyclic voltammetry (CV) tests to determine the electroactivity of films
All solid-state thin-film batteries are used for powering a variety of electronics including CMOS, smart cards, RFID cards, implantable medical devices, and wireless sensors 17, 18 . Thin film battery electrodes and electrolyte are generally deposited directly onto the current collector or substrate by various methods including chemical vapor deposition, spray pyrolysis, pulsed laser deposition, vacuum evaporation, and sputtering without any C or binder additives [17] [18] [19] [20] .
Thin-film batteries generally are composed of lithium-ion battery insertion materials for the cathode and lithium phosphorous oxynitride (LIPON) as the electrolyte, but they differ in the anode construction 20 . Sputtering of lithium metal anodes is difficult and dangerous due to the reactivity of lithium metal in air 21 . Also, lithium metal melts at 180 o C which is lower than the temperature required for solder reflow (250 o C), the process used for attaching thin film batteries onto circuit boards 17, 21 . The problem of solder reflow can be avoided by constructing a lithiumfree thin-film battery in which there is no anode in the pristine battery. Instead, lithium metal plates out in situ on the anode side of the cell during the first charge cycle 17, 22 . However, cycling performance of these batteries is limited due to the small amount of lithium in the cell. Finally, lithium-ion thin-film batteries use lithium-ion insertion materials as the anode in addition to the cathode. Anatase TiO 2 is studied as a candidate anode material for thin film Li-ion batteries because it is safer than Li metal and can withstand solder-reflow conditions 17, [20] [21] [22] [23] . . Future work will focus on adapting these tests to a more traditional thin-film battery configuration. It should be noted that the thicknesses of the films grown here are more on the order of that for thin-film batteries than for Li-ion batteries.
CV results for our TiO 2 thin films on ITO-coated glass are shown in Figure S22 . The CV results
show sharp peaks centered around 1.75 V for the most crystalline films ( Figure S22a ), as is typical of anatase. CV curves for a thin, amorphous film are also shown in Figure S22c ; there are no characteristic anatase TiO 2 peaks and the CV curves show little current density. The amorphous film shows only slightly more separation between charge and discharge curves than CV curves for cells fabricated with just Cu metal versus Li metal (not shown in Figure S22 ). The peaks below 1.5 V and above 2.2 V are present for cells made with just Cu metal versus Li metal, indicating that these are side reactions with the cell components. Representative CV curves are also shown for more weakly crystalline TiO 2 films ( Figure S22b ) in which there are TiO 2 peaks present, but the curves also show a large separation between the charge and discharge curves in the lower voltage region attributable likely to amorphous TiO 2 . This behavior is more typical than the performance shown in Figure S22a , which occurs only for the most crystalline films. These results can also be compared to a conventionally prepared thin TiO 2 film synthesized by spin coating Ti sol-gel onto ITO-coated glass and firing in air at 450 o C ( Figure   S22d ). There are clear crystalline anatase peaks for this sample as well. The current density is lower than that for the crystalline microwave-grown films because the conventionally prepared 29 film is much thinner than the microwave-grown film and the current density is scaled per unit area rather than per unit thickness. Conventional deposition methods for thin film battery cathodes cannot control stoichiometry well, which is a particularly difficult challenge for ternary cathode materials. In response to difficulties obtaining crystalline and stoichiometric electrode films by traditional deposition methods, a few sol-gel methods have been developed in which the sol-gel is spin coated onto the substrate and sintered at high temperatures to obtain crystalline phases [23] [24] [25] [26] . In future work, we plan to try and grow cathode material films in the microwave on microwave absorbing substrates rather than by conventional heating at high temperature. We expect this will have economic advantages, and we may be able to obtain stoichiometric materials as well as vary the thickness.
Effect of ITO pattern size
The micron sized ITO squares shown on the left in Figure S23 were patterned on a glass substrate by electron beam (e-beam) lithography, using a Poly(methyl methacrylate) (PMMA)
photoresist. The PMMA layer on the patterned substrates was hardened by annealing at 95 o C before etching in an acid bath as described under the Methods section in the manuscript. During the etching process, the ITO regions not covered by PMMA were removed leaving behind micron sized ITO squares covered by PMMA, which was finally removed by washing in acetone.
Optical micrographs of the substrate before and after microwave-assisted synthesis were obtained using a Nikon Eclipse ME600 optical microscope.
Figure S23
Micron-sized ITO squares on a glass substrate before and after microwave reaction. The left picture shows micron sized ITO squares on a glass substrate and the right picture shows that the microwave-grown TiO 2 film bridges the gap between the ITO squares.
